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Abstract 
 
An experimental study is presented here to understand the stress transmission characteristics under 
different geometrical arrangements of particulates inside a narrow chamber subjected to axial 
compression loading. The multi-grain systems considered here are face-centred, simple cubic and 
poly-dispersed structures, as well as inclusions embedded inside seeded, unseeded and cohesive 
powder bed of Durcal (calcium carbonate).  The distribution of the maximum shear stress, direction of 
the major principal stress and shear stress concentration factor were obtained using photo stress 
analysis tomography (PSAT).  The results show that the maximum shear stress distribution in the 
simple cubic structure is chain-like and self-repetitive, i.e, a single grain behaviour is representative of 
the whole system.  This is not the case in the case of other granular packing.  In the case of the 
inclusion surrounded by powder media, the maximum shear stress distribution in the inclusion occurs 
through ring-like structures, which are different from those observed in the structured granular 
packing.  This tendency increases for an increase in the cohesivity of the surrounding particulates.  In 
the granular systems, the direction of the major principal stress is mostly orthogonal to the direction of 
loading except in some particles in the random granular packing.  In the case of inclusion surrounded 
by Durcal particulates, the directional of the major principal stress acts along the direction of the axial 
loading except in the ring region where this tends to be oblique to the direction of axial loading.  
Estimates of the shear stress concentration factor (k) show that, k tends to be independent of the 
structural arrangement of granular packing at higher load levels.  In the case of inclusion surrounded 
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by powder bed, k for the seeded granulated particulate bed is mostly independent of the external load 
levels.  In the case of unseeded particulate (granulated) bed, a fluctuation in k is observed with the 
loading level.  This suggests that the seeded granules could distribute stresses in a stable manner 
without much change in the nature of shear stress-transmitting fabric of the particulate contacts under 
external loading. An increase in the cohesion of particulate bed results in more plastic deformation as 
shown by the differential shear stress concentration factor.  The results reported in this study show the 
usefulness of optical stress analysis to shed some scientific lights on unravelling some of the 
complexities of particulate systems under different structural arrangements of grains and surrounding 
conditions of the inclusions in particulate media. 
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1 Introduction 
 
 Particulate materials such as grains and powders are encountered in several industrial applications, for 
example, chemical, petroleum, pharmaceutical, food, geotechnical, minerals and materials processing 
sectors [1].  Granular materials consist of discrete solid particles that are arranged in a random or a 
particular structural form [2].  Such materials have a complex heterogeneous mechanical behaviour 
under different loading conditions [3]. Understanding the micromechanical behaviour of granular 
assemblies of different packing structure is important in engineering processes from molecular to bulk 
scales such as metals [4], crushing [5], permeability [6], erosion [7], composites [8] and granular 
physics [9-11].  The internal structural (fabric) arrangement of grains has a significant impact on their 
bulk behaviour under various mechanical loading environments [12-19]. 
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Micromechanical analysis of fine particulate systems, especially stress measurements in particulates, is   
performed by theoretical and computational studies [20].  The micromechanical behaviours of granular 
materials have been studied using discrete element method (DEM) [5, 17, 21-23].  However, DEM 
does not account for the stress transmission within the individual grains at a single particle scale [24].  
Furthermore, in general, DEM simulations do not account for the interaction effects of a particular 
contact on the stress transmitted by its neighbouring contacts.  Some studies have used coupled DEM-
FEM (Finite Element Method) analysis to get information on the stress distribution within individual 
particles in particulate assemblies [25] but these studies are computationally expensive.  Some 
experimental studies have used indentation methods on the outer surface of powder beds and 
interpreted the indentation depths to their material properties [26]. Experimental measurement of 
stresses inside particulate beds is difficult to conduct at the present time.  However, recent studies 
show the usefulness of photo stress analysis tomography (PSAT) for obtaining the stress distribution 
within inclusions in particulate systems [1].  These studies have used optical stress analysis for 
understanding the mechanical response of fine particulates interacting with optically stress-sensitive 
inclusions and their surroundings (Antony et al, 2015). They provide new understandings on the ability 
of particulates to distribute shear under mechanical loading.  However, information on the shear stress 
distribution characteristics of some structures such as face-centred (FC), simple cubic (SC) and poly-
dispersed systems within constrained walls (narrow channels in which distance between the walls is 
comparable to the size of the particle) are not yet well studied, but addressed in this paper.  
Furthermore, the shear stress distribution characteristics within inclusions surrounded by constrained 
granules made of fine powders through different manufacturing routes are not yet fully understood.  
For example, a new method of granulation was recently introduced as ‘seeded granulation’ [27]. In this 
process, large particles present in the feed act as seeds in the granulation. Seeded granules refer to the 
granules having the largest particle at the centre of the granule and unseeded granules do not have this 
feature. It has been shown that seeded granulation produces granules with narrower distributions of 
granule size, uniform strength, structure and density. Observations by X-ray micro-tomography and 
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scanning electron microscopy (SEM) of sectioned granules show that under optimum conditions, each 
granule contains a seed at its centre [27-29]. Figure 1a and 1b show X-ray micro-tomography images 
of the central cross section of two different granules re-produced here, which illustrate seeded and 
unseeded granules respectively. The white coloured material appeared at the centre of granule in 
Fig.1a is a single crystal of Durcal (calcium carbonate) and this type of granule possesses higher 
strength and lower porosity than the granule in Fig.1b (unseeded). The mechanism of formation of 
seeded granules is not yet fully understood due to the complex nature of shear response of particulates 
to external loading environments.  In fact, we are still away from sensing stress distribution inside a 
powder bed at any point of interest.  In granulation processes, the mechanics of particle interactions 
and the prevailing level of compressive and shear stresses at single particle level and bulk scales are 
affected by the operating conditions, scale of operation and product formulation, which in turn affect 
the granule properties, but they are not largely understood.  Figure 2 shows the SEM image of Durcal 
65 powder.  It is not known how mechanical properties of such powder systems get influenced by 
constrained external compression loading, and what parameter of any experimentally sensed shear 
stress state could reflect the bulk response of the powder bed.  In the present paper, unlike intending 
the particulate beds at their external boundaries to assess their mechanical response [26], a birefringent 
inclusion is placed inside the bed.  By sensing the stress distribution characteristics of the inclusion 
under mechanical loading, interesting observations can be made on the ability of the surrounding 
particulates to transmit shear through the inclusion (which acts as a stress sensor) using PSAT.  These 
challenges are addressed below. 
 
2 Background of Photo Stress Analysis   
 
Photo elastic studies have been carried out in the past to examine the stress distribution characteristics 
of granular materials under external loading [1, 9, 30-32].  Stress distribution characteristics such as 
the variations of maximum shear stress, principal stress directions and shear stress concentration factor 
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can be obtained using PSAT technique. A schematic diagram of the configuration of a circular 
polariscope used for PSAT experiments is shown in Fig.3 [24]. The working principle of PSAT is 
based on an optical phenomenon called birefringence [30]. The application of stress on a birefringent 
material alters its refraction index. Hence, the electromagnetic wave components of the polarised light 
experience a double refraction upon its passage through the birefringent material as a result of the 
different refraction indices. This results in a phase retardation of light, which can be characterised by 
fringe patterns of different orders and then further analysed to obtain the distribution of maximum 
shear stress in birefringent materials [1]. The relationship between the induced light retardation (ο), 
change in the major (ɐଵଵ) and minor (ɐଷଷ) principal stresses and fringe order (N) can be explained by 
the stress-optic laws expressed as follows [30]; 
 ο= ʹɎtɉ C(ɐଵଵ െ ɐଷଷ)                              (1) 
 
                                                   N =
οଶ஠                                 (2) 
where; 
t =  thickness of specimen (m) ɉ =  wavelength (nm) 
V11-V33  = difference between the principal stresses (Pa) 
 
 
C =  stress optic coefficient (
nm
m
Pa
) 
The above equations can be represented in a simple form as [30]; 
  V11-V33 = Nfı/t                                                                       (3)                              
in which, fı is the material stress fringe constant (N/m-fringe).  By measuring the fringe order at a 
point of interest on the model, the difference between the principal stresses (and hence the maximum 
 
6 
 
shear stress) can be calculated using the above said equations [30].  The direction of the major and 
minor principal stresses can be obtained using a plane polariscope setup and the details can be found 
elsewhere [30]. 
 
3 Experiments 
 
The material properties of the birefringent disk (circular) used in this study is summarised in Table 1.  
Two types of particulate systems are considered in this study (Fig.4).  Type 1: granular systems of face 
centred (FC) and simple cubic (SC) structures with 20mm diameter grains, random granular structure 
(poly-dispersed) with diameter 20mm (3 grains), 25mm (6 grains) and 30mm (3 grains) and Type-2: 
particulate systems of inclusions embedded in seeded granules (Fig.1a), unseeded granules (Fig.1b) 
and for comparison purposes Durcal 65 powder (Fig.2); i.e., calcium carbonate powder manufactured 
by Omya UK Ltd. Solid density of the powder is 2750 kg/m3 and characteristics of  particle size 
distribution of the powder obtained by Mastersizer 2000 (Malvern, UK) is d10=7ȝP G50 ȝP DQG
d90=225ȝP.  As it shows, the powder particles have irregular shape.  The granulated powder material 
used polyethylene glycol (PEG) as a binder.  The manufacturing of seeded and unseeded granules 
depends on the impeller speed of the granulator and the primary particle size. The granulated and 
powder bed samples used in this study are the same as reported by Rahmanian et al. [27]. The details 
of manufacturing the seeded and unseeded granules and their physical properties are explained in 
detail in the previous work [27, 28] and briefly discussed below. 
 
The method for the production of seeded granules in a batch process has been demonstrated in four 
different scales of Cyclomix high shear mixer granulators (Manufactured by Hosokawa Micron, B.V., 
the Netherlands) with capacities from laboratory scale, 1 and 5 L, to pilot plant scale of 50 L and 
finally to industrial scale of 250 L [33].  Different commercial grades of calcium carbonate, coarse 
particles (Durcal 65) and finer particles (Durcal 40 having d10=8ȝm, d50=43ȝm and d90=92ȝm and 
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Durcal 15 with d10=2ȝm, d50=23ȝm and d90=64ȝm) were selected as model materials. Aqueous PEG 
was used as the binder.  Figure 1a shows an X-ray micro-tomography image of the central cross 
section of a granule produced by the above method. Figure 1c shows the internal structure of about 
100 granules probed using SEM.   The SEM image shows the seeded granules embedded in a resin on 
a plane and cut and polished to show their internal structure. Every granule has consistently a seed, 
which is a large particle from the top end of the size distribution of the feed powder [27].  
 
We assessed the angle of repose [34] and crushing force of them for an indication of their cohesiveness 
and strength respectively and the results are presented in Table 2. Crushing strength was measured 
using Mach-1TM Micromechanical System (Canada). The test was carried out with the equipment set at 
a maximum load of 10 kg and a loading velocity of 0.05mm/s. At least 30 granules per sample were 
randomly selected and tested, and then the average and standard deviation of crushing strength was 
determined to ensure the reliability of the results. This procedure test is similar to the reported work by 
Rahmanian et al. [28], where they used a different device; i.e. Instron to characterise strength of 
granules. 
The loading rig used for investigating the stress distribution characteristics under compression is 
illustrated in Fig.5.  In the case of the inclusion surrounded by the powder bed, the thickness of the 
powder bed and the inclusion are the same (6mm).  The circular inclusion (20mm diameter) is 
positioned at the middle of the bed.  The particles were filled in several layers gradually to minimise 
any segregation of the granules.  The same protocol is used to make the filling identically as much as 
possible in all the three cases of the powder bed.  The samples were placed in the loading rig and 
subjected to axial compression under different load levels. The images of the optical fringes for the 
different particulate systems at different load levels were captured digitally [35] and analysed to obtain 
the maximum shear stress distribution, direction of the major principal stress and shear stress 
concentration factor [36].   
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4 Analysis 
 
The fringe order measurements were taken at several points of the birefringent grains and the 
inclusions.  Using this, contours of the distribution of maximum shear stress and direction of the major 
principal stress were generated for the assemblies under the different external loading conditions. 
Furthermore, the shear stress concentration factor (k) was evaluated by scanning the shear stress data 
along the selected section in the birefringent particle as follows: 
Shear stress concentration factor  k = ఛ೘ೌೣఛೌೡ೒                                                 (4) 
Coefficient of variation CV= ௌ௧௔௡ௗ௔௥ௗ ௗ௘௩௜௔௧௜௢௡ ௢௙ ఛ೘ೌೣఛೌೡ೒                                (5) 
where, ߬௠௔௫ is the highest value of maximum shear stress acting along the chosen section. ߬௔௩௚ is the average value of the maximum shear stress acting along the chosen section.
  
     
Here, the values of ߬௠௔௫ and ߬௔௩௚ were obtained by scanning the birefringent particle in the vertical 
direction along the axis of the compressional loading as illustrated in Fig.6. CV is the relative index of 
the uniformity of shear stress distribution. The lower standard gives rise to a more homogenous stress 
distribution in the assembly. 
  
5 Results and Discussion  
 
Figure 7 shows the distribution of maximum shear stress within the particles in the FC, SC and 
random packing structures. It is evident that the magnitude of the maximum shear stress in all 
these three structural arrangements is proportional to the load level: increase in the external load 
level increases the level of shear stress in the systems.  However, as shown in Fig.7, a few 
particles in the random packing (e.g. the middle particle in the top row) continue to be relatively 
weak in shear for an  increase in the load level.  This is consistent with the previous literatures [17, 
37], which show that stress distribution in random granular structures occurs in a non-
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homogeneous manner. Some particles transmit relatively strong forces while others share weak 
forces or no forces at all.  What is intersting here is, such behaviour is also observed in the case of 
narrowly constrained random granular packing.  Furthermore, when we compare the nature of the 
stress distribution between the FC and SC packing strctures, it is evident that the maximum shear 
stress distribution is transmitted through well connected chain-like structures.  Futhermore,  
mostly identical (repetitive) stress distribution patterns are seen in all the particles of the SC 
packing.  They also display symmetric stress distribution profiles with respect to the vertical axis 
passing through the centre the particles.  In this case, unlike in the case of other structures, the 
characteristics of stress distribution in a single particle is representative of the whole system.  In 
the case of inclusions inside the powder surroundigns (Fig.8), the nature of shear stress 
distribution is remarkably different from that of granular packing. The stress distribution patterns 
are not necessarily proportional to the external load level espcially in the cases of unseeded 
granules surrounding (lowest angle of repose).  In the case of cohesive Durcal powder surrounding 
(highest angle of repose), ring-like maximum stress distribution patterns are evident  in the 
inclsuions.  This suggests that the increase in the cohesivity (angle of repose) of the particles tends 
to generate radially symmetrical stress distribution, although the particulate bed is subjected to 
axial compression loading.  To emphasise this further, we present two typical images of shear 
stress distribution in Fig.9.  One of the images corresponds to the inclsuion surrounded by the 
cohesive powder bed (P=41.9N).  In the other case, the inclusion alone (without the surrounding 
powder bed) is subjected to axial compression loading (P=5.9N).   The maximum shear stress 
distribution exhibits axial  symmerty in the former case while in the latter case, the radial 
symmetry is evident in the inclusion.  We wish to point out that a relatively higher level of loading 
was required to obeserve the fringe patterns in the inclsuions surrounded by the cohesive bed, as 
the cohesive particles sustain a relatively higher level of mechanical strength as anticipated. 
Hence, the stress exhibited in the inclusion also serves as an indicator of the strength of 
surrounding particulates.               
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Figures 10 and 11 illustrate the distribution of the direction of the major principal stress in the 
granular and powder bed systems under axial compression loading.  For conveneince, this is 
presented in two forms, viz., contours, as well as in dotted lines for showing the direction of the 
major principal stress. What is evident is, by and large the granular systems distribute the major 
principal stress orthogonally to the direction of axial loading, barring some particles in the random 
packing.  This is more evident in the case of SC granular packing, where all the particles distribute 
major principal stress othogonally to the direction of axial loading (similar to the well known 
behaviour of a single grain subjected to axial compression [38], also illustrated in the enlarged 
images of Fig.12 for comparison.  On the other hand, the powder surrounding distribute the major 
principal stress along the direction of the axial loading except in the regions of the ‘radial stress 
rings’ (where the maximum shear stress is relatively high). In the rings, the major principal stress 
tends to be non-aligned with the direction of axial loading. This tendency increases for an increase 
in the cohesivity of the powders as evident from the far right column of the images presented in 
Fig.11. The variation of shear stress concerntration factor (k) is presented in Figures 13 and 14.  
We observe that, in the case of FC granular packing, k is relatively less dependant on the load 
level.  For higher load levels, k tends to be independent of the granular packing structure.  In the 
case of the inclsuion surrounded by seeded partiuclate bed, k is almost independent of the load 
level.  Previous computational studies have shown that the microscopic origin of the shear strength 
in partiuclate systems could be attributed to the fabric anisotropy of particle conatcts under 
mechanical loading [17].  Hence, we could deduce that, as the variation in k is independent of the 
load levels in seeded particulates, their fabric structures (through which normally strong force 
transmisison occurs [17] could be more stable unlike in the case of unseeded system where some 
fluctuations in k are observed with the load level.  However, further experimental studies are 
required in the future to quantify the fabric variations of inclsuions in partiuclate systems under 
mechanical loading.  To understand the plastic deformation effect of the powder bed qaulitatively, 
we evaluated WKH GLIIHUHQWLDO N ¨N ZKLFK LV WKH GLIIHUHQFH EHWZHHQ WKH YDOXH RI k evaluated 
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between the loading and unloading cycles with respect to the reference load level of 5.9N (the 
intial axial load level applied on the beds was 5.9N, then the loading progressed up to 82.1N in 
increments. Then, the unloading was done in steps until reaching  the reference load level.  The 
value of k was evaluated at the reference load level during the loading and unloading cycles, and 
¨NLVWKHGLIIHUHQFHEHWZHHQWKHP).   
 
Figure 14 shows the coeffcient of variation (CV) of k for three different assemblies of powder bed 
versus load. The results are interesting. The fluctuation of CV for the unseeded bed can be an 
indication of high porsoity of these type of granules, see Fig.1a, and the fluctuations can be due to 
rearrangment of primary particles in the bed. This could also be an index of breakge of these 
granules due to high compression load as these are the weakest granules as comapred to the seeded 
structure granules. For the case of CaCO3 powder bed, the trend of CV flattens at about 30N, 
which confirms the rigid structure of this assembly as this powder contains very fine particles. For 
seeded granules, the trend remains constant and the lowest CV for this type of granules is an 
indication of the relatively more uniform stress distribution for this bed. These results are 
corroborated with the results of strength measurment of these granules as they possess the highest 
strength as comapred to unseeded structure. The previous results [27] also show the most uniform 
strength and mechanical properties for this type of seeded structure as comapred to the unseeded 
structure. 
 
From Fig.16, we  observe that the DEVROXWHYDOXHRI¨N, which is the difference between k values 
of the loading and unloading stages at the reference load level (5.9N), increases for an increase in 
the cohesivity of the particles. However, in the case of the particulate bed with the highest 
cohesion (Durcal powder bed), the value of k at the reference load level of the unloading cycle was 
higher than that of the loading cycle DQG KHQFH ¨N ZDV QHJDWLYH  7KLV FRXOG KDSSHQ LQ KLJKO\
cohesive fine powder system where the plastic deformation gained during the loading cycle is 
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locked relatively more permanently.  The seeded and unseeded granulated beds have bounced back 
relatively more than the Durcal powder bed with regard to k. The current approach is capable of 
enlightening such internal characteristics of particulates under mechanical loading more 
effectively.  Further studies could assess such permanent lock-in structural effects of powders for 
other types of cohesive powders under different loading conditions.      
 
6. Conclusions 
 
In spite of the significant level of advancements reported by the worldwide research community, the 
micromechanical behaviours of particulate systems are still not well understood.   One of the problems 
that contribute to this is the lack of experimental understandings on the stress transmission 
characteristics inside particulate systems.  The results presented above help to understand the role of 
packing arrangement of particles on the shear stress distribution characteristics under external axial 
compression loading using photo stress analysis methodology.  The study shows that the shear stress 
distribution profiles in the SC granular packing are chain-like and self-repetitive under axial 
compression: what happens in a single grain is a representation of the whole system.  Also in this 
system, the profile of the direction of the major principal stress pertains to that of a single grain under 
axial compression.  In the FC and random structured granular packing, the distribution of shear within 
the grains occurs non-uniformly.  In the case of the inclusions surrounded by the Durcal particulate 
packing, ring-like structures of maximum shear stress distribution are observed.  Such radial structures 
are more evident in the case of the highly cohesive powder surrounding.  In this case, the direction of 
the major principal stress acts along the direction of the external loading in the inclusion except within 
the radial rings. The evaluation of shear stress concentration factor k of the particulate systems 
suggests that, (i) in the granular packing, k is almost independent of the granular packing structure at a 
relatively high load level.  Based on the observations of k for the inclusions surrounded by Durcal 
particulate beds, we suggest that seeded particulates could sustain a more stable load-transmitting 
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fabric structure, and independent of the external loading levels. This is consistent with the 
experimental data reported earlier [27] that seeded granules are stronger than unseeded granules. 
Cohesive Durcal powder bed displays the highest level of structural plastic deformation as 
characterised by the differential shear stress concentration factor.  Considering the complexities of 
sensing stresses for particulate media, the PSAT method applied here is promising.  It provided 
valuable information, at least qualitatively, on the internal micromechanical features of different types 
of constrained packing under axial compression.  However, further technological developments are 
required to experimentally quantify the nature of the fabric structures of load-transmitting contacts in 
fine particulate systems.   Further studies are required to account for variables other than the ones 
considered in this study, such as different preparation methods of grains [39], wall roughness, shape 
effects of the grains and inclusions, size distribution of granulated particles or primary particles, their 
volumetric fraction, packing density and cohesivity of different types of fine particles on their micro 
and nano mechanical characteristics.  It would be also interesting to explore the link between the 
coordination number of the granular packing to a suitably characterised distribution of force (/stress) 
components at inter-grain contacts [40], for which further information is required to partition the 
individual components of contact forces in the granular systems.     
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Figure captions 
Figure 1: X-ray microtomography images of the central cross section of Durcal granules: (a) seeded 
granule (b) unseeded granule [27]  (c) SEM image of internal structure of about 100 seeded granules of 
CaCO3 [29]. 
Figure 2: SEM image of Durcal 65 powder. 
Figure 3: The configuration of a circular polariscope [1, 30]. 
Figure 4: Illustration of particulate samples:  (a) granular assemblies and (b) samples of inclusions 
surrounded by CaCO3 granules and CaCO3 powder.  
Figure 5: A schematic diagram of the experimental loading rig. 
Figure 6: A schematic diagram of the scanning direction to obtain the data necessary for the evaluation 
of the shear stress concentration factor.  
Figure 7: The maximum shear stress distribution in the FC, SC and random (poly-dispersed) systems 
under different loading conditions.  
Figure 8: The maximum shear stress distribution within inclusions embedded inside different CaCO3 
surroundings under different loading conditions. 
Figure 9: Maximum shear stress distribution: (a) inclusion alone under axial compression (P=5.9N) (b) 
Inclusion inside cohesive powder packing under external axial compression (P=41.9N). The scale is 
the same as that provided in Fig.8. 
Figure 10: The major principal stress direction in the FC, SC and random (poly-dispersed) systems 
under different loading conditions.  
 
Figure 11: The major principal stress direction within inclusions immersed in different CaCO3 
particulate media under different loading conditions. 
 
Figure 12: Direction of the major principal stress shown in dotted lines: (a) inclusion disk alone 
under axial compression (P=5.9N) (b) Inclusion inside cohesive powder packing under external 
axial compresion (P=41.9N). The scale is the same as that of in Fig.11. 
 
Figure 13: The average value of shear stress concentration factor for the FC, SC and random (poly-
dispersed) systems under different load levels. 
Figure 14: The shear stress concentration factor for inclusions surrounded by different particulate 
packing under loading.  
Figure 15: Variation of coefficient of variation of k in the particulate beds. 
Figure 16: 'LIIHUHQWLDOVKHDUVWUHVVFRQFHQWUDWLRQIDFWRU¨ND¨NDWWKHUHIHUHQFHORDG1DQG
EYDULDWLRQRIDEVROXWHYDOXHRI¨NZLWKWKHDQJOHRIUHSRVH 
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Figure 2: X-ray microtomography images of the central cross section of Durcal granules: (a) seeded 
granule (b) unseeded granule [27]  (c) SEM image of internal structure of about 100 seeded granules of 
CaCO3 [29]. 
 
 
 
 
 
 
 
   
 
 
  
 
Figure 2: SEM image of Durcal 65 powder. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 3: The configuration of a circular polariscope [1, 30]. 
 
 
   
  
 
 
 
 
 
 
              
 
 
                  (i) Simple cubic (SC)      (ii) Face centred (FC)     (iii) Random             
 
(a) Granular packing placed within the compression rig   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(i) Seeded granules                 (ii) Unseeded granules           (iii) CaCO3 powder  
(b)  Powder packing with an inclusion inside the compression rig (sample dimension 4dx4d) 
 
 
Figure 4: Illustration of particulate samples:  (a) granular assemblies and (b) samples of inclusions 
surrounded by CaCO3 granules and CaCO3 powder.  
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
  
  
 
Figure 5: A schematic diagram of the experimental loading rig. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: A schematic diagram of the scanning direction to obtain the data necessary for the evaluation 
of the shear stress concentration factor.  
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Figure 7: The maximum shear stress distribution 
in the FC, SC and random (poly-dispersed) 
systems under different loading conditions.  
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Figure 8: The maximum shear stress distribution within inclusions embedded inside different CaCO3 surroundings under different loading conditions. 
  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
Figure 9: Maximum shear stress distribution: (a) inclusion alone under axial compression (P=5.9N) (b) Inclusion inside cohesive powder packing 
under external axial compression (P=41.9N). The scale is the same as that provided in Fig.8. 
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Figure 10: The major principal stress direction in the FC, SC and random (poly-dispersed) systems under different loading conditions.  
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Figure 11: The major principal stress direction within inclusions immersed in different CaCO3 particulate media under different loading conditions. 
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Figure 12: Direction of the major principal stress shown in dotted lines: (a) inclusion disk alone under axial compression (P=5.9N) (b) Inclusion 
inside cohesive powder packing under external axial compresion (P=41.9N). The scale is the same as that of in Fig.11. 
 
 
 
 
 
 
 
   
 
 
 
  
  
Figure 13: The average value of shear stress concentration factor for the FC, SC and random (poly-dispersed) systems under different load levels. 
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Figure 14: The shear stress concentration factor for inclusions surrounded by different particulate packing under loading.  
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Figure 15: Variation of coefficient of variation of k in the particulate beds. 
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